Galanin (GAL), a 29-amino-acid neuropeptide, is involved in various neuronal functions, including the regulation of food intake, hormone secretion and central cardiovascular regulation. The nucleus tractus solitarius (NTS) is known to plays a major role in the regulation of cardiovascular, respiratory, gustatory, hepatic and swallowing functions.
mediated by GalR1 in NTS.
Introduction
Galanin (GAL), a 29-amino-acid neuropeptide, is widely distributed throughout the central nervous system (Waters and Krause, 2000) . GAL is involved in a variety of functions, such as learning and memory, pain control, food intake, neuroendocrine control, and central cardiovascular regulation (Crawley, 1996; Wrenn and Crawley, 2001; Wynick et al., 2001; Narvaez et al., 1994) .
The nucleus tractus solitarius (NTS) is known to plays a major role in the regulation of cardiovascular, respiratory, gustatory, hepatic and swallowing functions (Lawrence and Jarrott, 1996) . In addition, caudal NTS is believed to belong to the swallowing pattern generators (Jean, 2001) , whereas the rostal NTS is part of the taste pathways. The NTS appears not to be a simple 'relay' nucleus, rather it performs complex integration of information from multiple synaptic inputs of both peripheral and central origins (Paton, 1999) .
Voltage-dependent Ca 2+ channels (VDCCs) serve as crucial mediators of membrane excitability and Ca 2+ -dependent functions such as neurotransmitter release, enzyme activity and gene expression (Tsien et al., 1988; Sheng and Greenberg, 1990) .
GAL is present in the NTS where it is costored in catecholaminergic cells being coreleased with adrenaline or noradrenaline (Melander et al., 1986) and its role on central cardiovascular regulation it has been clearly established (Diaz-Cabiale et al., 2005; Harfstrand et al., 1987) . In addition, it has been demonstrated that GAL act as a neurotransmitter in the NTS (Tan et al., 2004) . Three GAL receptors, GalR1, GalR2 and GalR3, have currently been cloned, and they are all G -protein-coupled receptors (GPCRs) (Habert-Ortoli et al., 1994; Branchek et al., 2000) .
However, the effect of GAL on VDCCs in NTS has not yet been clarified, and little is known about signal transduction pathways in NTS. Consequently, it is the purpose of this study to investigate the effects of GAL on VDCCs currents (ICa) carried by Ba 2+ (IBa) in NTS.
Results

GAL-induced inhibition of IBa
Representative examples of superimposed IBa traces in the absence and presence of 10 M GAL are shown in Fig. 1 . IBa was evoked every 20 sec with a 100 msec depolarizing voltage step to 0 mV from a holding potential of 80 mV. As shown in Fig. 1 , application of GAL (in 30 of 48 neurons) rapidly and reversibly inhibits I Ba. To investigate the voltage dependency of inhibition of IBa by GAL, we used a double-pulse voltage protocol as shown in Fig. 1A . As shown in Fig. 1A and B, the application of a strong depolarizing voltage prepulse attenuated GAL-induced inhibition of IBa.
The current-voltage relationships for IBa in the absence and presence of 10 M GAL are shown in Fig. 1C . From a holding potential of 80 mV, the IBa was activated after 30 mV with a peak current amplitude at 0 mV.
GalR agonists-induced inhibition of IBa
In the next series of experiments, we investigated the effects of various GalR agonists on IBa.
GAL binds GalR1 with similar affinity to GalR2 (Ohtaki et al., 1999) . Galanin-like peptide (GALP) is a 60-amino-acid neuropeptide, expressed in the hypothalamus and discrete areas of brain, which preferentially binds to GalR2 (Langel and Bartfai, 1998) .
To further examine which GalR were involved the GAL-induced inhibition of IBa, AR-M961 ( GalR 1/2 agonist), AR-M1896 (GalR2 agonist) and M617
(galanin(1-13)-Gln 14 -bradykinin(2-9)amide, GalR1 specific agonist, Lundstrom et al., 2005) were applied. As shown in Fig. 2 A These results indicate that GalR1, but not GalR2, is linked to inhibition of the IBa in NTS.
Dose dependence of GalR agonists-induced inhibition of IBa
The dose-response relations in the GalR agonists-induced inhibition of IBa is shown in Fig. 3 . F or the generation of the concentration-response curve, GalR agonists concentrations were applied randomly, and not all concentrations in a single neuron were tested. Fig. 3 shows that progressive increases in GalR agonists concentration resulted in progressively greater inhibition of IBa. M617 (GalR1 specific agonist), GAL, and AR-M961 (GalR1/2 agonist) caused inhibition of IBa in a concentration-dependent manner. Galanin(2-11) (GalR 2/3 agonist), AR-M1896 (GalR2 agonist) and GALP (GalR2 agonist) did not inhibit IBa. These pharmacological profile indicate that only GalR1 couples with VDCCs in NTS.
Pharmacological characterization of GalR agonists-induced inhibition of IBa
In the next series of experiments, we analyzed the effects of GalR agonists on IBa in neurons treated with specific GalR antagonists. In this experiment, specific antagonists M35 (non-selective GalR antagonist) and M871
(galanin-(2-13)-Glu-His-(Pro)3-(Ala-Leu)2-Ala-amide, selective GalR2 antagonist, Sollenberg et al., 2006) were applied prior to the M617. Treatment with M35 (10 M for 3 min after assuming the whole-cell configuration) attenuated the M617-induced inhibition of IBa. In contrast, treatment with M871 (10 M for 3 min after assuming the whole-cell configuration) did not attenuate the M617-induced inhibition of IBa.
These results indicated that M617-induced inhibition of IBa was mediated by GalR1 in NTS.
Characterization of G-protein subtypes in GalR agonists-induced inhibition of IBa
The G -protein is heterotrimeric molecules with , and subunits. The subunit can be classified into families, G i/o, G s, or G q/11. To characterize the G-protein subtypes in M617-induced inhibition of IBa, specific antibody raised against the G i-, G s-and G q/11-protein were used. Experiments were performed using a solution in a pipette containing each G-protein antibody. In these experiments, the G-protein antibody (1:50 dilution; the final concentration was approximately 0.5 mg/ml) was dissolved in the internal solution. The tip of the recording pipette was filled with the standard internal solution, and the pipette was then backfilled with solution which containing the G-protein antibody. In order to obtain the effect of antibody, M617 were applied 7 min after assuming the whole-cell configuration.
As shown in Fig 
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Discussion
This study has shown that GAL inhibits N-and P/Q-types VDCCs via G i-protein mediated by GalR1 in NTS.
Several demonstrations suggest that GAL modulate VDCCs in other neurons. For example, GAL modulate VDCCs in dorsal root ganglion (DRG) neurons (Kerekes et al., 2003) , in hypothalamic neurons (Simen et al., 2001 ) and in mudpuppy cardiac ganglia (Parsons et al., 1998 ).
As mentioned above, three GAL receptors have been cloned: GalR1, GalR2 and GalR3.
These GalR are coupled to distinct signaling cascades. Both GalR1 and GalR3 signal via G i-protein and decrease cyclic AMP levels by inhibiting adenylate cyclase (Smith et al., 1997) . On the other hand, the main pathway downstream from GalR2 is through coupling to G q/11-protein and activates phospholipase C (PLC) to increase inositol triphosphate accumulation and the increase of intracellular Ca 2+ (Wang et al., 1998; Lundstrom et al., 2005) ; this would presumably stimulate neuronal activity and neurotransmitter release. In this study, AR-M1896 (GalR2 agonist) did not modulate IBa in NTS. Similar results were observed in hypothalamic neurons (Simen et al., 2001 ).
They have demonstrated that GAL inhibits IBa, but [D-Trp 2 ] galanin (GalR2 agonist) did not in hypothalamic neurons. In contrast, both GAL and AR-M1896 (GalR2 agonist)
facilitates ICa in DRG (Kerekes et al., 2003) .
Moreover, we found that IBa inhibition by GAL via G i-protein. Intracellular dialysis of the G i-protein antibody attenuated M617 (GalR1 agonist)-induced inhibition IBa in NTS (Fig. 4) . Similar results were reported in mudpuppy cardiac ganglia (Parsons et al., 1998) . They demonstrated that GAL-induced inhibition of IBa was attenuated by 24-30 hour pretreatment with pertussis toxin (PTX). Previously, several studies have demonstrated that PTX sensitive G i-protein are involved in the endocrine (Amiranoff et al., 1988; Lagny-Pourmir et al., 1989) and neuromodulatory (Bartfai et al., 1992; Palazzi et al., 1991; Tsuda et al., 1992; Tyszkiewicz et al., 2008 ) action of GAL.
We also found that the effects of GAL were relieved, albeit incompletely, by a depolarizing prepulse (Fig. 1A) . Such an effect is usually interpreted as an indication that VDCCs inhibition is mediated by a rapid membrane delimited pathway, possibly involving an interaction between the G i-protein subunits with the VDCCs 1-subunit (Zamponi et al., 1998) . Herlitze et al. (1996) have been demonstrated that G-protein subunits can interact directly with N-and P/Q-types VDCCs to inhibit their activation.
In this study, the IC50 of M617 (GalR1 specific agonist), GAL, and AR-M961 (GalR1/2 agonist) were 678 nM, 325 nM and 573 nM, respectively, in NTS. IC50 values for GAL-induced modulation of ICa have been calculated in other tissues. In guinea-pig myenteric ganglion, (1.4 nM, Ren et al., 2001 ) and mudpuppy cardiac ganglia cells (0.4 nM, Parsons et al., 2000) it was found to be more than 100-fold more than potent than in NTS. The discrepancy observed in these studies carried out in different cell types may be due to cell-dependent differences in the regulation of membrane excitability.
It has been reported that GAL facilitates inwardly rectifying K (Kir) channels in CNS.
Kir channels have been classified into four subfamilies: 1) IRK subfamily (IRK1-3), 2) GIRK subfamily, 3) ATP-dependent K ir subfamily, 4)ATP-sensitive Kir subfamily (Isomoto et al., 1997) . Coupling of GalR1 to G i-protein facilitates G-protein-mediated inward rectifier K + channels (GIRK) or ATP-sensitive K + channels, which in turn results in presynaptic inhibition of glutamatergic transmission (Mazarati et al., 2000; Counts et al., 2002; Lundstrom et al., 2005) . In myenteric ganglion, GAL inhibits VDCCs and facilitates GIRK channels (Ren et al., 2001) . If the GIRK channels are facilitated by GAL, so that neuronal activity may be suppressed. In this study, GIRK channels actions were masked, since the Ba 2+ introduced for the measurements can block the GIRK channels. It is not clear what types of Kir channels are modulated by GAL in NTS. In normal state, both inhibition of VDCCs and facilitation of GIRK channels deduced to occur with GAL on NTS.
It has been demonstrated that microinjection of GAL into the NTS depressed baroreceptor reflex response (Shin et al., 1996) . Chen et al. demonstrated that hypothalamic paraventricular nucleus (PVN) galaninergic projections to NTS suppress baroreceptor reflex respomses, giving e vidence on the involvement of GAL in cardiovascular regulation (Chen et al., 1996) . NTS neurons can be divided into two groups, glutamatergic and GABAergic (Mifflin and Felder, 1990; Brooks et al., 1992) . It can be considered that inhibition of VDCCs on glutamatergic neurons can decrease glutamate release and therefore a reduced baroreflex function. N-, P-and Q-types VDCCs are implicated in transmitter release in CNS (Reuter, 1996) . In fact, several studies demonstrated that GAL reduced glutamate release in CNS (Kinney et al., 1998; Kozoriz et al., 2006) .
Microinjection of GAL into the NTS stimulates feeding in rats (Koegler and Ritter, 1998; Koegler et al., 1999) . Neurons responsive to both gustatory and lingual somatosensory stimuli have been identified in the NTS (Travers and Norgren, 1995) .
Therefore, GAL effects in NTS should be investigated in a further study.
Experimental Procedures
Cell preparation
The study was carried out according to "The guideline for the treatment of experimental animals in Tokyo Dental College". NTS neurons were prepared as described previously (Endoh, 2005) . Briefly, young Wistar rats (7-18 days old) were decapitated and their brains were quickly removed and submerged in ice cold artificial cerebrospinal fluid (aCSF) saturated with 95% O2 and 5% CO2 of the following composition (in mM): 126 NaCl, 26.2 NaHCO3, 1 NaH2PO4, 3 KCl, 1.5 MgSO4, 1.5 CaCl2 and 30 glucose; pH 7.4.
Thin transverse slices from brainstems, 400 m in thickness, were prepared by a tissue slicer (DTK-1000; Dosaka EM Co., Ltd, Kyoto). After being sectioned, 3-5 slices obtained from a single brain were transferred to a holding chamber and stored in oxygenated aCSF at room temperature for at least 40 min before use. Slices were then transferred to a conical tube containing gently bubbled aCSF at 36 to which 1.8 U/ml dispase (grade ; 0.75 ml/slice) was added. After 60 min incubation, slices were rinsed with enzyme-free aCSF. Under a dissecting microscope, the NTS region was micropunched and placed on a p oly-l-lysine-coated coverslip. The cells were then dissociated by trituration using progressively smaller diameter pipettes and allowed to settle on a coverslip for 20 min.
Whole-cell patch-clamp recordings
Voltage-clamp recordings were conducted using the whole-cell configuration of the patch-clamp technique (Hamill et al., 1981) . ascertain that no major changes in the access resistance had occurred during the recordings a 5 mV, 10 msec pulses were used before IBa was evoked.
Materials
GAL, -CgTx G A and -Aga A were purchased from Peptide Institute (Osaka, Japan). GALP, Galanin(2-11) and Nif were purchased from Sigma (Tokyo, Japan).
AR-M961 and M35 were purchased from Wako Pure Chemical Industries (Osaka, Japan). AR-M1896, M617 and M871 were purchased from Tocris (Avonmouth, U.K.).
Anti-G i antibodies, anti-G s antibodies and anti-G q/11 antibodies were purchased from Upstate biotechnology (Lake Placid, NY, U.S.A.). Each antibodies were from rabbits immunized with a synthetic peptide corresponding to the COOH-terminal sequence of the human G i, G s and G q/11, respectively.
Data analysis and statistics
All data analysis was performed using the pCLAMP 8.0 acquisition system. Values in text and figures are expressed as mean SEM. Statistical analysis was made by student t-test for comparisons between pairs of groups and by one-way analysis of variance (ANOVA) followed by Dunnett's test. Probability (p) values of less than 0.05 were considered significant. 
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